During the course of NH4' (or NO2-)-plus-a-oxoglutarate-dependent 02 evolution in spinach (Spinacia oleracea) chloroplasts, glutamate was continuously excreted out of the chloroplasts. Under these conditions, for each molecule of NO2-or NH + which disappeared, one molecule of glutamate accumulated in the medium and the concentration of glutamate in the stroma space was maintained constant. SO42-(or SO32-) behave as inhibitors of NH4+ incorporation into glutamate by intact chloroplasts. This considerable inhibition of glutamate synthesis by S042-was correlated with a rapid decline in the stromal Pi concentration. The reloading of stromal Pi with either external Pi or PPi4-relieved SO42--induced inhibition of glutamate synthesis by intact chloroplasts. It was concluded that S042-induced a rapid efflux of stromal
INTRODUCTION
Illuminated chloroplasts catalyse in an 8 e-reduction the formation of glutamate from a-oxoglutarate in the presence of exogenous NO2- (Beevers & Hageman, 1980; Miflin & Lea, 1980) . This reaction has been shown to be directly linked to ATP-dependent glutamine synthetase, reduced ferredoxin-dependent glutamate synthase and nitrite reductase activities (Beevers & Hageman, 1980; Miflin & Lea, 1980) . Several important studies have also indicated that illuminated intact chloroplasts effect the redution of SO42-to S2-in an 8 e-reduction using reduced ferredoxin as electron donor (Anderson, 1980; Giovanelli et al., 1980) . Under these conditions, it is possible that SO42-and NO2-in the stroma space compete for their respective reductions at the level of reduced ferredoxin. We therefore set out to examine in detail the effect of SO42-on glutamate excretion during the course of NO2-or NH4+ assimilation by isolated spinach (Spinacia oleracea) chloroplasts and have found evidence that SO42-does inhibit this excretion. However, the competition does not exist, and our results are best explained by the operation of a sulphate carrier in the chloroplast envelope (Mourioux & Douce, 1979) , leading to a massive Pi efflux from intact isolated chloroplasts and therefore to an arrest of ATP-dependent glutamine synthetase functioning. In addition our results shed new light on the uptake of SO42-and PP14-by isolated chloroplasts.
MATERIALS AND METHODS Isolation of chloroplasts
Young spinach (Spinacia oleracea L.) leaves (3 months old) were cut into small pieces directly into ice-cold chloroplast extraction medium [330 mM-sorbitol/50 mMHepes/KOH (pH 7.8)/2 mM-EDTA/0. 1500 (w/v) bovine serum albumin] with a tissue/medium volume ratio of 1: 3. Leaves were homogenized three times for 2 s each with a Waring Blendor, and intact chloroplasts were prepared as quickly as possible by the method of Nakatani & Barber (1977) . Chloroplasts thus obtained were purified by isopycnic centrifugation in a non-toxic silica sol (Percoll, Pharmacia) gradient, which maintained isoosmotic conditions throughout the isolation procedure, which was that described by Mourioux & Douce (1981) . The entire isolation procedure could be accomplished in less than 30 min. At this point in the procedure, the thick chloroplast suspension was stored in an ice bath under dark conditions. Photosynthesis assay 02 evolution was followed polarographically at 25°C by using a Clark-type-oxygen-electrode system (Delieu & Walker, 1972) purchased from Hansatech (King's Lynn, Norfolk, U.K.). The basic reaction medium contained, in a total volume of 1 ml, 330 mM-sorbitol, 50 mMHepes/KOH buffer, pH 7.8, and 5 mM-MgCl2. The reaction medium was gassed with argon before the addition of chloroplasts equivalent to 100-200 tg of Chl (i.e.
2-4 mg of protein). Reaction mixtures for the determination of C02-dependent 02 evolution contained 25 JLM-K2HPO4 and 5 mM-NaHC03. Reaction mixtures for the determination of NO2-(or NH4+)-plus-a-oxoglutaratedependent 02 evolution contained 2.5 mM-ca-oxoglutarate, 2 mM-malate and known amounts of NO2 or NH41. The reaction was triggered once C02-dependent 02 evolution had ceased. The light was provided by a 150 W xenon arc-lamp source (Oriel Corporation) giving an irradiance of 300 W m-2 at the surface of the vessel.
Conditions for the determination of 02 evolution by the reconstituted chloroplast system in the presence of NH3, glutamate and a-oxoglutarate were adapted from those described by Anderson & Walker (1983) . All Abbreviation used: Chl, chlorophyll.
reactions were allowed to proceed in the basic medium containing 2 mM-ATP, 4 mM-K2HPO4, 4 mMascorbate, 1 mM-dithiothreitol, 0.1 mM-NADPH, ferredoxin (50, g ml-l), catalase (50 units ml-1) and osmotically shocked chloroplasts (150 ,ug of Chl ml-1).
Glutamate determination
Chloroplast suspension (1 ml, ,ug of Chl) was centrifuged for 2 min at 1000 g (Eppendorf centrifuge 5415). The supernatant containing excreted glutamate (S1) was removed by aspiration and the pellet was resuspended in 300 ,ul of water/trichloroacetic acid (100: 1, v/w). After sonication, the suspension was centrifuged for 3 min at 16000 g (Eppendorf, centrifuge 5415 
Pi determination
Pi measurement was made with intact chloroplasts (100-150 ,ug of Chl/ml) illuminated in the basic reaction medium containing various anions (SO42-, ppi4-).
Samples (1 ml) removed at 1 min intervals were immediately centrifuged at 3°C for 1 min at 1500 g in 2 ml basic reaction medium containing 0.4 M-mannitol to separate the chloroplasts from the medium. The supernatant was discarded by aspiration and the pellet was resuspended in 5 % trichloroacetic acid (1 ml). The suspension was centrifuged 10 min at 7000 g (Sorvall, SM 24 rotor) and the clear supernatant, devoid of mannitol, which interferes with phosphomolybdate-complex formation, was used for the colorimetric determination of Pi after butan-2-ol extraction by the method of Yanagita (1964) .
RESULTS

Glutamate synthesis by intact spinach chloroplasts
Isolated intact chloroplasts illuminated in a medium with optimal concentrations of a-oxoglutarate (2.5 mM) and malate (2 mM) excreted glutamate in the presence of either NO2-or NH4' (Fig. 1) at a maximal rate of 9,tmol/h per mg of Chl, thus confirming the earlier reports of Anderson & Done (1977) and Woo & Osmond (1982) . The absence of malate decreased this rate considerably (result not shown). After cessation of 02 evolution there exists a linear relationship between the total amount of glutamate recovered in the external medium and the amount of NO2-or NH + added (from 50 to 300 /tM) in the medium at the beginning of the experiment (Fig. 1) (or NO2-)-plus-a-oxoglutarate-dependent 02 evolution in intact chloroplasts the concentration of glutamate in the stroma space ('Pellet', see Fig. 1 ) was maintained constant, suggesting, in agreement with Woo et al. (1987b) , the existence of a non-exchangeable endogenous pool of glutamate (approx. 10 mM). Interestingly, during the course ofN02--dependent 02 evolution in the absence of a-oxoglutarate, we have observed that NH3 diffused readily towards the bathing medium and did not accumulate inside the thylakoids (results not shown).
Effect of SO42-on glutamate synthesis by intact spinach chloroplasts Fig. 2 shows the effect of SO 2-on NH4+-plus-aoxoglutarate-dependent 02 evolution in intact chloroplasts in the presence of optimal concentrations of malate. When SO42-was supplied at 3.5 and 8 mm, the rate of NH4+-plus-a-oxoglutarate-dependent 02 evolution was inhibited by 50 and 9000 respectively. Fig. 3 indicates that either SO42-or SO32-also strongly inhibited glutamate excretion by illuminated chloroplasts maintained in a medium containing ac-oxoglutarate and NO2 . Similar results were obtained with NH4+ instead of NO2-(results not shown). These results together strongly suggest, therefore, that SO42-and SO32-behave as inhibitors of NH4+ incorporation into glutamate by intact chloroplasts. This inhibition could be attributable to a direct effect of SO42-or SO32-on glutamine synthetase or glutamate synthase. This hypothesis, however, is not tenable, because neither SO42-nor SO32-added at 10 mm inhibited the rate of NH4+-plus-aoxoglutarate-dependent 02 evolution catalysed by a reconstituted system prepared as described by Anderson & Walker (1983) (results not shown). Mourioux & Douce (1979) have demonstrated that the transport of S042-and SO32-into spinach chloroplasts [SO42 ] (mM) Fig. 2 (Giersch & Robinson, 1987) . Comparison between (Fig. 5) . However, in The reaction mixture was as described in the Materials and methods section and contained chloroplasts equivalent to 120 ,ug of Chl ml-' and 2.5 mM-a-oxoglutarate (aKg). The reactions were started by the addition of 2 mM-malate and 300 ,#M-NH4Cl (final volume 1 ml). Incubations were conducted in the light. 02 evolution was monitored polarographically at 25°C by using a Clark-type oxygenelectrode system. At times indicated the suspension was centrifuged (Eppendorf centrifuge 5415; 2 min; 1000 g) and the glutamate excreted was measured in the supernatant (see the Materials and methods section). a-Oxoglutarate triggered the formation of a small amount of glutamate (30 nmol) at the expense of an endogenous pool of aspartate and glutamine at the beginning of the experiment. We did not take glutamate formed by transamination into account in this experiment. The reaction mixture was as described in the Materials and methods section and contained chloroplasts equivalent to 150 ,ug of Chl ml-', 25 ,uM-phosphate and 5 mM-NaHCO3 synthetase initiates the net synthesis of glutamate at the expense of a-oxoglutarate. The strong effect of malate on the rate of glutamate excretion we have observed is also in good agreement with the original observation of Woo & Osmond (1982) , leading to the demonstration that aoxoglutarate is transported inward on a a-oxoglutarate translocator and glutamate outward on a dicarboxylate translocator with malate as the counterion on both translocators in a cascade-like manner (Dry & Wiskich, 1983; Woo et al., 1987a) . Interestingly, in the absence of a-oxoglutarate we have shown that NH4+ deriving from NO2-reduction under light conditions did not accumulate inside the thylakoids, although a considerable ApH gradient is settled across the thylakoid membrane favouring the accumulation of NH4'. Such a result strongly suggests that nitrite reductase operates near the periphery of the stroma space or in close contact with the inner envelope membrane, perhaps near the nitrite-permeation channel or transport protein (Brunswick & Cresswell, 1988) , favouring the free diffusion of NH3 out of the chloroplasts. Furthermore, under these conditions, NH4+ produced near the periphery may not be easily transported towards thylakoids because of stroma viscosity (0.4 g of protein per ml) (Douce & Joyard, 1979) .
In the light, the considerable inhibition of glutamate synthesis by SO42-in intact chloroplasts is correlated with a rapid decline in the stromal Pi concentration. The principal arguments in favour of this conclusion are numerous: (a) SO42-did not affect the rate of NH4+-plusa-oxoglutarate-dependent 02 evolution catalysed by a reconstituted system; (b) SO42-induced a rapid efflux of stromal Pi out of the chloroplast via a specific sulphate carrier catalysing a strict counter-exchange: for each molecule of SO42-entering the chloroplast one molecule of Pi leaves the stroma, and vice versa; (c) the reloading of stromal P1 with either external P1 or PP14-relieved So42--induced inhibition of glutamate synthesis of intact' chloroplasts. It is clear, therefore, that a decrease in stromal Pi concentration -would limit ATP synthesis (the chloroplast ATP synthase exhibits a rather low affinity for Pi; Selman & Selman-Reimer, 1981) , which would decrease the stromal ATP concentration and inhibit glutamine synthetase because the Km values for ATP of angiosperm glutamine synthetases are rather low (0.8-1.3 mM) (Stewart et al., 1980) . Such a cascade of reactions would stop glutamate synthesis by intact chloroplasts.
Finally, the results presented here strongly suggest that PP14-is transported through the chloroplast envelope. In support of this suggestion we have observed that PP 4-induced a marked increase in the stromal P1 concentration in Pidepleted chloroplasts. It is possible that the driving force for the penetration of PPi4-through the chloroplast envelope is attributable to the presence of a powerful alkaline pyrophosphatase in the stromal space (Gross & ap Rees, 1986) which is involved in the rapid hydrolysis of PPi4-. This anion can enter the chloroplast either via a nucleotide carrier (Robinson & Wiskich, 1977) or via the Pi translocator (Fliege et al., 1978 (Furbank et al., 1987) . Finally, the evidence that PP 4-can cross the chloroplast envelope very slowly is of particular importance in view of the recent demonstration that spinach leaves contain appreciable levels of PP4-, which is confined to the cytosol (Weiner et al., 1987) .
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